Abstract-Similar to other surveying instruments, the observed data from terrestrial laser scanner (TLS) can be impaired with errors. Then, calibration routine is necessary for the TLS to ensure the quality of the data and also to make it applicable for surveying applications. There are two calibration approaches available: 1) component, and 2) system calibration. Due to the requirement of special laboratories and tools to perform component calibration, then this approach cannot be implemented by most of the TLS users. In contrast, system calibration that can be performed through self-calibration is more convenient and the requirements (e.g. room with targets) are easier to be provided. Self-calibration bundle adjustment is carry out using measured spherical coordinates (e.g. distance, horizontal and vertical angles) as observations. In extension to the functional model of each observation, a set of calibration parameters was used, which were determined in a selfcalibration procedure. These parameters are derived from wellknown error sources of geodetic instruments as constant (a 0 ), collimation axis (b 0 ), trunnion axis (b 1 ) and vertical circle index (c 0 ) errors. Self-calibration was performed for Leica ScanStation C10 at laboratory with dimension 9m x 7m x 2.6m and 130 black and white targets were fairly distributed. Data obtained from seven scan station were processed and statistical analysis (e.g. ttest) has shown that only collimation axis (77.1") and vertical circle index (-62.4") errors are significant for the calibrated scanner.
INTRODUCTION
The existence of TLS has considerably improved a procedure and the quality of final product in Geomatic field. Comparing with other approaches, the phase of processing involved in constructing complete 3D model is much simpler and faster. Furthermore, current TLS also can capture images using either attachable or built-in camera. This integration (i.e. TLS and camera) has caused current TLS also able to provide coloured point clouds and finally made photorealistic 3D model is possible.
However, similar to other surveying instruments, TLS have to be investigated and calibrated regarding instrumental and non-instrumental errors. Furthermore, the precision and the accuracy of the measurements should be known. As discussed earlier, the performance of TLS is impressive regarding the data acquisition rate and accuracy is at centimetre level or better. However, the user needs to understand which scanner is the best-suited for a specific application. Schulz [1] in his study has listed some typical applications for TLS with respect to the scanner precision (Fig. 1) . Fig. 1 . Applications of scanner with respect to the measurement precision [13] .
According to Abdul and Halim [2] , there is a difference between precision and accuracy. Precision is defined as the closeness of the agreement between independent test results obtained compared to the mean value. Accuracy is defined as the closeness of the agreement between the result of a measurement and its true value. That means, even if a scanner is able to give better precision, it is not necessarily able to provide accurate information. This argument arises because all electronic and optical instruments contain errors. The precision can be determined by referring to manufacturer specification or by independent testing. Accuracy is different, it has to be investigated through the deviation between the nominal and real value. In order to improve the accuracy and to ensure the quality of information provided by TLSs, calibration routine is very essential. Furthermore, the calibration process is very crucial to guarantee the results given by the scanner meet the requirements of the job specifications.
II. CALIBRATION FOR TERRESTRIAL LASER SCANNER
According to Schofield and Breach [3] , calibration is the process of estimating the parameters that need to be applied to correct actual measurements to their true values. There are many instruments available to carry out surveying work and all of them require calibration in order to produce accurate data. This requirement also extends to TLS instruments, and 978-1-4673-5968-9/13/$31.00 ©2013 IEEE 2013 IEEE Business Engineering and Industrial Applications Colloquium (BEIAC) it is a prerequisite for the extraction of precise and reliable 3D metric information from the point clouds [4] . As discussed by most researchers [1, 4, 5, 6, 7] , there are many error sources to be modeled in TLS measurements. Two approaches are available to investigate those errors, either separately (component calibration) or simultaneously (system calibration) based on statistical analysis. Fig. 2 shows the calibration procedures for terrestrial laser scanner. 
A. Component Calibration
According to Schulz [1] , component calibration is mostly based on knowledge-based modelling of the instrument and its instrumental errors, and each single error is investigated separately in a specific experimental setup. All of those errors will be identified separately in component calibration. In order to carry out this type of calibration, special facilities and device are required (Fig. 3) . Böhler et al. [5] have taken into account several parameters in their study:
Angular accuracy. ii.
Range accuracy. iii.
Resolution. iv.
Edge effects. v.
Influence of surface reflectivity.
Using ten types of TLS, they have concluded that TLS shows considerable errors under certain conditions. Other than being used for calibration purposes, the authors also proposed this calibration types for manufacturers to compare the performance of their instruments to those their competitors. Other studies regarding component calibration also have been made by Brian et al. [8] , Gordon et al. [6] , Kersten and Mechelke [9] and Schulz [1] .
B. System Calibration
According to the photogrammetry definition, system calibration is generally used for the determination of all geometric parameters of a complete measurement system, which includes the interior (calibration parameters) and exterior orientation parameters of the entire system component [10] . This calibration can be performed through self-calibration. Based on that, Reshetyuk [4] has rephrased this definition for TLS applications, self-calibration is the determination of all systematic errors of a terrestrial laser scanner simultaneously with all other system parameters.
In contrast to the component calibration, performing selfcalibration doesn't require special facilities or devices, only a room with appropriate targeting is required [11] . In order to de-correlate model variables and also to maximise the accuracy of the estimated systematic error parameters, the network used for the calibration should be designed carefully as discussed in Lichti [7] .
III. GEOMETRIC MODEL FOR SELF-CALIBRATION
Due to the very limited knowledge regarding the inner functioning of modern terrestrial laser scanners, most researchers have made assumptions about a suitable error model for TLS based on errors involve in reflectorless total stations [7] . Since the data measured by TLS are range, horizontal and vertical angle, the equations for each measurement are augmented with systematic error correction model as follows [4] 
Where, r, φ, θ = Spherical coordinates of point in scanner space (range, horizontal direction and vertical angle, respectively). x, y, z = Cartesian coordinates of point in scanner space. Δr, Δφ, Δθ = Systematic error model for range, horizontal angle and vertical angle, respectively.
According to Lichti [11] , the systematic error models can be classified into two groups, physical and empirical parameters. The first group can be considered as basic calibration parameters which have been derived from the total station systematic error models. This group includes the constant, cyclic, collimation axis and, vertical circle index errors and others as described in Lichti and Licht [12] . The other group of error models is not necessarily apparent and may be due to geometric defects in construction and/or electrical cross-talk and may be system dependent. These are inferred from systematic trends visible in the residuals of a highly-redundant and geometrically strong, minimallyconstrained least-square adjustment. Lichti [7] has identified 21 systematic errors model from phase-based scanner (Faro 880).
However, this study will focuses on the most significant systematic errors model as applied by Reshetyuk [4] in his study as follows:
i.
Systematic error model for range. 
In order to perform self-calibration bundle adjustment, x, y, z -the laser scanner observations have to be expressed as functions of the position and orientation of the laser scanner in a global coordinate system [13] . Based on rigid-body transformation, for the j th target scanned from the i th scanner station, the equation is as follows: Fig. 4 , a self-calibration has been established in a laboratory with dimensions 9m x 7m x 2.6m. There are 130 black and white targets have been distributed on the four walls and ceiling based on conditions stated by Lichti [7] . Seven scan stations have been used to capture the targets. As shown in Fig. 5 , five scan stations were located at the each corner and centre of the room. The other two were positioned close to the two corners and the scanner orientation were manually rotated 90° from scanner orientation at the same corner. In all cases the height of the scanner was midway between the floor and the ceiling. In this experiment, scan resolution was set to the medium resolution, higher resolution scans were not relevance since it will require longer time to complete the scanning. Furthermore, medium resolution also sufficient for Cyclone software to extract all targets except for those which have high incidence angle.
After scanning process completed, bundle adjustment has been performed with precision setting based on the accuracy of the scanner which are 4mm for distance and 12" for both angles measurement. After 4 iterations, bundle adjustment process has converged.
V. SELF-CALIBRATION RESULTS
Due to the limitation of hybrid scanner as discussed in Lichti et al. [14] , which is that the identification of systematic errors using residual patterns is only applicable for panoramic scanner, statistical analysis has been used to verify the significant of calculated calibration parameters (CPs). Table 1 below presents the RMS of residuals for each observable group for the cases without and with self-calibration. There is no change for range measurement and only slight improvement is gained by adding CPs for the angles measurements, which is expected since the magnitude of the CPs are very small as shown in Table 2 . 
To examine the significant of the calibration parameters to the observations, all CP were statistically tested through ttest. The hypotheses have been set as follows:
H 0 : The parameter is not significant. H A : The parameter is significant. Using 95% of confidence level, the results of the test are shown in Table 3 below. Table 3 show that null hypothesis has been rejected for parameter of constant (a 0 ), collimation axis (b 0 ) and vertical circle index (c 0 ) errors. This indicates that those parameters are significant. Only for the trunnion axis (b 1 ) error, the null hypothesis has been accepted. As a conclusion, to ensure that the calibrated scanner (Leica C10) can give an accurate information, all point clouds are need to refined by applying the systematic error models of a 0 , b 0 and c 0 .
SUMMARY
A self-calibration of the Leica ScanStation C10 has been conducted over a dense 3D target field (130 well-distributed targets observed from 7 scanner stations). The adjustment results have been evaluated through statistical analysis procedures. The differences between RMS of residuals for adjustment with and without CP are small, which make the analysis is very difficult. Using statistical analysis (t-test), significant test has been performed and the results have shown that three of four calibration parameters are significant. 
